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SATA RY 


The problem of increasing the pressure ritio per stage of an axial 
flow compressor is studied in part by considering the effect of bouncary 
layer control by area suction on the throe dimensional turbulent boundary 
layer flow on the casing in one stage of a Compressor. 

The effect of this bouncary layer control on the previntion of 
separation is insesti gated. Crosuflow ana crosswise variation of cross- 
flow in the boundary layer are factors contributing to the tencency to- 
ward separation anc the effect of boundary layer control on this phen- 
omenon is determined. ‘This analysis is limitea to the boundary layer 
on the casing and does nct teke into consideration tho possible separa- 
tion taking piace at the blades. 

The boundary layer equations are usec to obtain the momentum inte- 
gral equations with suction applied at the surface. The method of small 
perturbations is applied to the equations in order to simplify them so 
that a solution muy be reached with relatively little effort. Expresi- 
ions are assumed for the bouncsry layer profiles, flow path outside the 
boundary layer, and shear stresses. These aro in a form which closely 
resembles the actual conditicns, 

in ci to show what effect boundary layer contrel exerts, a siupli- 
fiec single stage compressor is studied, The results shor thet crossflow 
can be reduced by applying suction to the bcuncury leyer "T G result. 
ant decrezsec tendency tcwazó sepurstion of the flow, but this is reuched 
enly efter 2 certain minimum suction velocity ig attained. If the suction 
velocity is less than this minimum, in spite of the decrease in bounoary 
layer thickness the crossflow will be increxsed over that of a solic wall 


and likewise the tendency toward sopuraticn will increcec. 
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I - INTRODUCTION 


In tbe design of an axial flow compressor it woulo be desirable 
to obtain a higher pressure ¿er stage while stiil maintaining the 
high efficiencies presently attainec, The application of axial 
flow compressors to turbojet engines in aircraft has dictated this 
desirability since a higher pressure ratio per stage would require 
fewer stages to reach the sane wi pressure rise without affect- 
ing the performance of the engine. This recuced number of stages 
would decrease the weight of the compressor and thereby incresse the 
overall performance of the aircraft. 

The present day designs are limited, however, by the real fluid 
effects to a relatively small pressure rise (<0-25%) per stage, Ex- 
perience has shown that any increase over this amount causes a sharp 
decrease in efficiency below the approximately 90% currently attain- 
able. Consequently the issue at hand is the increase in pressure 
ratio per stage without an accompanying decrease in efficiency, 

The real “fluid effects which are of importance in compressors 
are the separation of the boundary layer from the blades and c«sing 
walls and also the general lowering of the mementum duo to crosswise 
transport of boundary leyer air. 

The separation of boundary layer in compressore is caused not 
only by the usual unfavorable pressure gradients in the direction of 


the flow, but also by the crosswise variation of crossflow in the 





73 


boundary’ larer, This crossílow is created br the curvature of the 


stage through which the flow travels. u indication of conditions 


B 


believed to exist is show in iig. Ll. Ac the flow travels throurh 

the curved passarc, a crosswisc pressure graälest is inducode The 
fiuid in the boundary; Layer on the casing is moving at a lower volo- 
cit; than that outside the boundary; layer and sineoe the pressure in 
the layer is the same as outside the larer, the particle peti:s in the 
boundar layer have greatcr curvature than those outside tho larer, 
“bc result is a crosswise flow of air in the boundary; layer wich wie 
der conditions existing in commressers periodically increases and سمل‎ 
‘creases the momentum of the fluid moving in the direction of the flow 
outside the bou:dasy layer. The result of these changes is an im 
creased tendency toward local boundary layer separation over thet 
caused by an unfavorable pressure gradient in tho direction of motions 
“his occurs at certain points usually located on the casing walls and 
at the exit fran the rotor blading, 

The loc& separation of boundary layer is not the only undesir- 
able cffect of crossflow, In addition, this crosswise flow, which takes 
place at right anrles to the flow outside the boundary layer, scts up 
a circulatory notion or "secondary flow", that results in the transfer 
of boundary layer air into the center of the blade pastare and replen= 
ishment of the region close to the walls with hich momentum air. Con- 
sesuently there is a tendency to ecualise the nomentam state between 


the main flow end the Low momentum fluid, and an additional increased 





frictional loss which the high momentum sir experiences when brought 
near to the walls. The general influence of this flow is te lower 
the momentum of the main body of flow, (See Ref. 1l.) 

From the above discussion it is epparent that the chief source 
of undesirable real fluid effects in compressors is the existence of 
crossflow in the boundary layer. By eliminating the crossflow on 
the casing, one may expect not only to reduce the likelihood of local 
boundary layer separation, but also to prevent the decresse in over- 
all momentum of the flow. Consequently, due to such eliminaticn it 
should be possible to increase the angle through which the flow is 
turned, and thus to increase the pressure rise per stage without the 
usual accompanying loss in efficiency. 

One promising method of bouncary layer control in two dimensional 
flow is the epplication of suction, Results have indicated that by 
use of suction, the separation of two cimensional boundary layer may 
be retarded, (See Ref. 2.) The effect of succion on three dimensional 
bouncary layer flow, however, has not been investigated and it is not 
uag ذه‎ — de suction will similarly prevent separation in 
the presence of crossflow. Furthermore it is not known if there are 
any additional requirements on tois suction and if so, what they are. 

The present study is concerned with the problem of increasing 
the amount of turning and thereby the pressure rise in a tlade passage 
by applying suction to the boundary layer at the casing. The effect 
of this boundary layer control on three dimensional boundary layer 


flow will be investigated. Once the requirements for suction which 








minimizes the effect of crossflow in the boundary layer for any given 
turning are — the estimates of gein from such control in 
terms of increased pressure ratio can easily be made. 

Various means of boundary layer control have been proposed for 
airfoils. (See Ref. 3.) One such method is by a slot cut in the sur- 
face with the boundary layer dram off through this slot. The most 
efficient position of this slot for the prevention of separation was 
determined to be at the point of separation, Since this changes under 
different conditions, this type of control — sufficiently 
flexible for practical application. Another method is to apply 
suction through a porous material over an entire area of the surface, 
This introduces the question, when this type boundary layer control is 
077 to.a compressor, of where the suction should be applied to be 
most efficient. The structural properties of the porous materials 
themselves become of great importance in a compressor application. The 
surface roughness is another consideration since this would appear to 
be greater than for a solid wall, with presumably a greater shearing 
force at die walt. 

At the present time there are materials available which can be 
used in this type of application and their properties are adequate 
from this viewpoint.  Electroplated mesh has & very smooth surface and 
can be made to any desired degree of porosity. Porous bronze is not 
quite so smooth, but has the advantage of greater strength, Through 
the use of powder metallurgy techniques it should be possible to ob- 


tain almost any desired combination of strength and porosity. For 





TH 


example, a change in materials ags well as sintering temperatures or 
pressures can be used in obtaining the desirec results. Ref. 4 shows 
the results of test runs on boundary layer control using various 
materials. 

If in a particular application the desired strength for a com- 
pressor casing could not be found inherently in one of the porous 
metals, a double shell could be constructed. The cuter shell could 
be made the load-carrying member end the inner shell the porous mox- 
ber. The area in between could serve as alr removal duct. In this 
same manner of using tro-shell construction, the te of 
sucticn could be varied in any manner desired by using & porous sur- 
facs of uniform porosity end then backing this suction surface in the 
area whero less flow ig desired by some such material as steel wool, 

Several important points must be considerec when ciscussing the 
most efficient method of applying suction to a compressor boundary 
layer. first, it ls highly desirable to maintain the high efficiency 
of the compressor and therefore it is neceszary tc remove the minimum 
amount of air consistent with the د‎ of the desired results, 
Second, the tendency toward separation is not the samo ln each stage 
of a multistage compressor but increases in the latter stages cue to 
increase in boundary layer thickness, In considering this first 
point, it seems logical to assume tnat one way of removing a minimum 
of air ie to distribute the suction in such a way that it is propor- 
tioned to the thiekness of the boundary layer. Thus where the nomen- 


tum loss is greatest, the greatest amount of air will be removed, 
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ks the boundery layer grows thinner under thc iafiuenco of thu suction 
applied, the suction velocity ;taeelf wlll be reduced, thus reducing 

the amount of air removod. The second point raises the question of 

just where would be the best .lace to apply this optimum suction dis- 
—À If it were appiied over the ts casing, more air vould 
probably be removed than if it were ap lied to only the later stages 
and the results might only be wasted on the early steges. Since this 
analysis is limited to a single stage, it is not anticipated that any 


definite conclusions can be.cram to satisfy this question. 
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IJi — DERIVATION OF GINLREL cECUATIORS 


anctl's -im,lific.tim: Prandti's sin,» ilifieation of the equations 
of motion results in the esuations for bountsry layer flow. The 
method of simplification is civen in Ref. 5, and a brief resume will 
be given fer the convenience of و‎ 

Considering stead; turbulent fiow 5155 no impressed forces, the 


equations of motion may be written: 
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Inasmuch as the sherring flow has «n extension much smaller 
in the y Cirection thin elther the X or z directions, the velocity ar- 
becomes of the order of the extension in y direction anc may be neg- 
lected when compared to the velocities LL «nO U. Assuming that thé 


accelerations are of tho samo order of magnitude as the shear forces, 





the rate of change of shear in theX and 2 directions become neg- 
ligible when compared to that in the y direction, Furthermore, the 
small transport of momentum in the vertical directlon reduces the 
momentum equation in the y direction to 9 .م272‎ Consequently the 
change of pressure through the bouncsry laycr in the y direction may 
be considered equal to zero anu the pressure considered us determined 
by the flow outside the bouncary layer. Thus the equations for the 


three dimensional turbulent bouncary layer flow con be written: 


EKS 卫 以 Br ex. d$. Ld. 0x 
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Care must be taken that the application of these simplified equations 
is restricted to & region whose extension in the y — is very 
much less than the extension in thex or z directions. 

These equations are concerned with the flow over e plane surface, 
but the results obtained can be extende« to s clrcular cylinder without 
change. (See Ref. 6.) Fig. 2 shows the coorcinate system to which 


equetions (1.a), (1.b), ana (1.c) will be referreu for further analysis. 
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Tho restriction placed on those cquatlons in the process of sinjlifica- 
tion still applies, so that the length in tne X direction anc the raaiue 
of curvature in the X direction must bo very mich greater than the 
thickness of the boundary layer in the y dlrectlon. Furthermore, the 
radius of curvature must be a constant for the flat plate equations to 
be used directly with the cylindrical coordinates, so that this analysis 
will be restricted to the boundary loyer on tho casing of 8 ۵ ۰ 
Tn addition, steady incompressible flow conditions are assumed to exist. 
Since these equations are to be considered when suction is applied 
to the boundary layer over an area of the wall, the vertical velocity 
at the wall is not zero as normally considered, It has an actual value 
which will be negative in algebraic sign following the convention of 
positive velocities in the positive cirections of their respective 


axes. Consequently the bouncary conditions aret 


at age ; | U^" ur =0' A= 6 > O 
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where his a constant greater than the bouncary layer thickness. Since 
the flow under consideration is turbulent, all the terms used in these 


equations are mean values with respect to the time, 


Monen turn Integral Equations; The pressure is considered as determined 





= 


by the flow ccnoíitions outiido thê boumary leyer enc by writing 
ecuations (l.a) and (1.0) in terms of the velocities outside the 
bouncery layer tbc change cf pressure in the X znd Z directions czn 

be ceterminud., The sheer stress outside of the bouncery layer is con- 
sidercd equal to zero. Thue: 


2 ۷ + 


> = 
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substituting these terms into equations (1.2) and (l.b) ana integrating 
with respect to ap over the constant height L (following the method of 


reference 7) leads to the momentum integral equations, 
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Various displacement and mementi:m thicknesses ar cefinec «es follows; 
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Equations (2.8) and (2.b) show that for tne three dimensional bound. 
ary layer, the momentum losses are made up of the two dimensional 
effects plus additional terms caused by the three dimensional inter- 
action of momentum transport in the boundary layer, Setting the 
suction velocity C equal to zero reduces the equations to those de= 
termined in Ref. 2. To see the effect which the suction velocity has 
on the momentum loss, equations (2.a) and (z.b) will be written with 


the assumption that the velocities outside of the boundary. layer are 


constant. 
fx + & . 29x D> 9 96۶ 
eu: * 207 uu Lc 


The right hand sides of these equations indicate thc total cbsngo in 
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the momentum loss in the bounusry layer. Assuming thet the shear 
stresses “t the well for a -orous meterial are the seme ne for a 

colic boundary end remembering that C bas « negetive veluc, it can 

be seen thet the totel change in the momentum loss in the boundary 
layer murt become smaller as the left hanc side of the ecuaticns be- 
— smaller. This occurs as the suction velocity becomes a larger 
negetive quantity. Therefore a boundary layer to which suction is 
applied over an area of the wall will have a smaller momentum loss 
than one which is bounded by a solid wall, and the greater the suction 


velocity the smaller the momentum loss will be, 


a 





a= 


113 - SIMPLIFIED ECUATIONS 


Method of Smail Perturbations: Equetions (<,a) anu («.b) are non- 
linear ciffer:ntial equations and with their interconnecting terms it 
woula be very difficult to find a solution in their present form, 
They can be simplified by tne metnod of small perturbations, in this 
method tne flow is considerea as having a mean value u,on which small 
variations must be very much less than the mean velue, If the three 
dimensional effects are considered as these small variutions, the 
amount of turning of the flow accomplishec in a blade passage must 
then be a smoll quantity. The small turning angle is one restriction 
which is put on the following analysis, but under real conditions it 
appears that the three dimensional effects actually are smell when 
compared to the mean flow. Therefore the following assumptions will 


be made: 


QUIT da ay) + Ra 14,8) 


= 
“e 


E 


Aes Ar? (X, 14) + )اجه‎ ¥ E ) 
ur= ur (x Ay E) 
m= w )( + ۷ ^k 2) 


U = w ( Y, Ay, £) 





/ / / / / 
wheres 4 AUT 3 تم‎ | 
u / ae’ et ا‎ ope SK ۴ 





Assumed Flow Conditions Outside the Bouncary layer: In addition to 
the small perturbation procedure, un assumption can be made «hich 
will furtber eimplify the equations, still permitting retenticn of a 


sufficiently sigmificant model. Thus consider; 


C^ = constant 
/ 
a = ۵ 
/ 
m = Q (x,g) 


These assuaptions preclude any acceleration in the axial direction 
outside the boundary layer (a conuition which is in osea by continuity 
on castades operating in incompressible flow) but consider the tengent- 
ial flow undergoing acceleration. The tangential velocity is small 
compared to the axial velocity, but is Getermineo by both the axial 
and tangential positions, 

Substituting these expressions for the velocities and neglecting 
second order terms, equations (<.a) and (i.b) may be written in the 


following simplified manner: 
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1opropriata expressions for the aisplacement and momentum thicknesses 
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Characteristic Scale Factors: Reasonable profile for the boundary 





layer velocity distribution must now be assumed before equaticng 
(3.a), (2.b) end (3.c) can be evaluated further. The zero order dis- 
tribution will be taken as the familiar 1/7th pover lew for turbulent 


boundary layers: 





u =F where F. (+) L - 


The first order term of the axial flow component is the variation due 


to accelerations caused by the component of velocity at right angles. 
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This prefile is ersumel te be a freeticnal part of the zero order 
Cistributicn and ite ferm will be similar to that indleated by 
muLcurements carried cut in an actual compressor. (Sec Ref. 8) 


Therefore: 


u' 


2 
= KFG, were G= (I- ge) < G-n) 
The profiles of F and GF are shown in Fig. 5. K is a dimensionless 
scale factor and is a function of X and 2. 
The velocity distribution in the Æ direction will be considereo 
as having the sune forn ay thet in the X direction anc can be written 


G9; 


كن 
=Flıres]‏ 4 
where £ = £(x,2) is &nother dimensionless scale factor.‏ 


The functions F and G are considered as zero order terms and since 


( 
4; le & first order term and very much less then unity, NK must be a 


term of the first order and very much less than unity. The tera I 
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ar 
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is of zero order and therefore £ must be of zero order. 

Flow conditions in the boundary Layer are completely described 
when the value of the mean flow, anc the small variations which occur 
about this mean flow are determined, Therefore by evaluating the 
momentum thickness, O, , K, and € the flow in the boundary layer can be 
completely described since the, momentum thickness is a measure of the 


mean flow while K end € determine the small variations, It is assumed 


mM 





that the profile shape does not change with suction. 

Consider, es an example, the velocity profilo in the axial dir- 
ection just at the point where separation is about to occur. At 
this point, u°+ u zo 8 n—>0; 50 the at the point of separation 
Q 2 —u'ot tho wall, Fron the definitions of the volockby profiles, 


i? E TSE 
u‘ "KE G 


4 
u 6 
f£ deta = = 1 ^ U ۳ 
go that Je = KG adas q o, = < K. 
i : u’ 
At the point of separation u^ ~| and K 2 - | و‎ 90 that to prevent 


separation of the axial Mow R must be greater than -1, 

Considering € as the angle between the axial velocity cormonont 
and the actual flow direction in the boundary; layer, the followLy: 
relation may be observed: 

4 1 
ur w F[:+£G] 
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‚INGE K is a first order term and very much less than unity, the 


tan A = 





following approxinatioa3 rg be made: 
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ahbar strwecoeg het a the mei directi'ina ص‎ LDE Yel oc TT loù 
rt *he well gen thet the following reiation nay nlso be dofinoc: 
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tane — Lot. 
۱ (m سم‎ ) 
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1 
Being a first order term, Cox may be consigereo negligible with 
respect as ox so that the following approximation may be uade; 
/ 
( 
A O 
tan d = Loz = JP. (4€) 
T ue 
ox 
"rom the above relations involving £ , it cun be seen that if 
€= O the flow at the wall has the sane deviation from the axial 
direction as the flow outside the boundary layer, since then 


t ( 


ie ۲ 
C4 “ما‎ 7 AU 


But if E 天 Othe flow at the wall has a different deviation from the 
axial direction than the flow outside the boundary layer. Therefore 
the quantity & may be considered a measure of the crosuflow in the 
boundary layer. Determining values of É for Varying amounts of suction 


velocity would show in what manner, if any, the boundary layer suction 


would change tho erossflow. 


Solution of the Momentun-Integral. Equations: In order to solve the 


ecuations deycribing the flow in the bouncary layor, some expression 





mest be introduced for the shear stress ot the wall, Falkner in 

Ref. i — the form which will be used in this analysis. This 
forn has the advantare of being very convenient for purposes of cel- 
culation, and also arrecs quite well with experimental data. The 


ermmirical expression nay be written: 
0 





C 3 = Ca 
(a (Re) 


C,is a constant dcteommined for Pally turbulent flows C := 0,000653 
end m = 1/6. 

it has been showm already that the tanrentiel shear stress at 
the wall may be written in terms of the shear stress due to the mcan 


fiov: 


m z (ı +€) 


The Falkner expressiion for shear, although used here with zero 
pressure gradient, is also used when such pressure gradient exists, 
it is Imom that such an application gives good results as Zar is 
momentum loss is concerned, Consequonti', the effect of changes in 
the axial velocity on the shear in tho X direction is neglected and 

۱ 
pP assumed Zero, 

laving essuned the velocit; profiles and expressions for the 

Shear Stresses in the boundary Tafer, it is now possible to procced 


With tho solution of ccuations (3.2) > (3.b), and (3.c). The terms 


/ o o 
O, ; 8 x2, 000. mar now all be written in terns, of O , and thc 





scale factors K and 2 


S7 = 0% H 


MEER 40375 
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O, -0 KI. 


o O; (í +El,) 
where 
í 
15 و‎ (I-F)dn — . 1.2887 
J, Ci-8)€4q 
= J l*Gdn i pw 
. 07" 
|] A A (1-F) FG dH 0,545 
2 
= ` Js (1-E) d 


The generalized momentum thickness E also introduced to eliminate 


the Reynolds number from the equations. 


DO - 0; (Ral 


where Ra a a? Ox 
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In view of the previous discussion of the optimum distribution 
of the suction velocity, that velocity will be prescribes as directly 
proportional to the momentum loss of the unperturbed flow. Thus, the 
greatest suction will be ap lied to the thickest boundary layer and 
a lezser amount of air will be drawn off where the momentum loss of 
the unperturbed flow is low. Therefore 

4 .€06 MN 

u" "Om 7 )6 (و‎ ۳ 
shere C is the parameter determining the values of suction velocity 
desired. Fquations (3.a), (3.6) and (2.¢) can thus be written con- 


taining three unknown ®, K , and t. 


29 -| (14m) 2 24a |O- P (4.8) 
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These equations can be solved for the three unknown by first determin- 





ing O fror (4.a), proceoding to solve (4.c) for & with the valué of ۵ 
previously determined, and then substituting into (4.b) finally solv- 


ing for K . The solutions of the equations are: 
C Cita] ۳ 
® = va 4 (5,8) 
/-C رس‎ X @ ¬ /- C, a. 
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CY = APPLICATION TO A SPECIFIE MODEL 


Xoel of a Compressor Stage: To determine the effect of suction 
applied to the boundary layer, a simplified model of a compressor 
stage will be utilized to determine the solutions of equations (5.a), 
(5.b) and (5.c). Various values for C, will then be assumed showing 
how the boundary layer changes with variation in suction velocity 
and whether the croszflow is affected. A sketch of this model is 
shown in Fig. 4. The flow through the approach passage is considered 
purely axial in direction, No suction is applied prior to the rotor 
blade row and the boundary layer grows unhindered in this region. | 
Boundary layer suction is commenced at the leading edge of the rotor 


and continued throughout the length of the stage. This boundary 





layer suction is distributed in the assumed mannor £ = Q, 9 E ۹ 
This means that the suction must be variec continuously over the 
length of the stage concelvably by varied porosity. 

It is assumed that the flew through the stages of a compressor 
is periodic in that the tuming accomplished in a rotor passage is ex- 
actly reversed in a stator passage, The mean path of fluid particles 
follows a spiral path through a compressor at a constant deviation 
from the axial direction. There is a variation about this mean path 
which varies periodically in both axial and tangential directions. 
Furthermore, the flow will be changed in different designs by utiliz- 
ing blades of different camber and thus changing the amount of turning 


accomplished. 





2) 


vith these ideas in mind, it is felt that an expression appro 
iaately describing tho flow through a@ compressor can be written as: 


í 


W 2 
q^ = [ = cos(2 اج‎ CE Sin (ME) + Cx 


(cee Fig. 5.) the constant S is the distanco between corresrondi:y: 

points on adjacent blades measured in the Æ direction, This will not 
be a constant value for an actual compressor stage duo to the radial 
divergence of tho blades, but for simplicity of calculation it will 


ve considered constant. The le: neth of the compressor stare is civen 


by £ . The term Cy is 2 measure of the inclination of the mean flow 
w' 
path from the axial direction and because qro is ausumed a small 


quanbity, the value of this term must be small. The trigonometric 
veis take into account tho periodic nature of the flow, 

Zhe constant Ca is a measure of the amplitude of the variation 
fron the mean rath and has a direct relation with the turning angle 
oZ the flow through a blade PAUSE» the turning angle is denoted 
by Q y and = $- d Where 中 LS the angle between the absolute flow 
direction and the aiel direction at the inlet to the blade row, and 
$i the sane angle at the outlet. Fie. 6 illustrates this deiini- 


tion, and 
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Xi 


حم | دم 


tan È, z EKEN, + 





4 


is a first orcer term anc the approximation tan d. = 中 can be‏ بط 
e‏ 
used. Considering the length of one pessage only, the term sin? (TL)‏ 


can be written as sin (T KL) so thet; 


$<] = Cx 


Ke 


٩۰ = Ce} [-Cos (am -$)| +04 
xe ti 


Therefore 中 = 中 - 中 = | l- Qoo (am &)] 


Now solving for the average value of the turnin; for one blade pass- 


z 


ape حا‎ goes fron 0 to 1; 
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Given iin aanta of average turning accomplished in e blece pass- 
ege, the value of Cy is immeciately given, Values of turning angles 
up to approximetely 20^ are used in compressor design snd while the 
aoproximations made in tnis analysis are not strictly valid for these 
high values, it is hoped that the indicated trends will be correct, 
Furthermore there is a direct releticn between the turning ۵ 
end the pressure rise occurrirg in 4 blade passage. This cun be deter- 


mined in the following manner; 
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AP, - C T’ (w A) tan $, - tan d. 
Secon © Ce [I ew ow 2) 


Ihe average value for this sxpreseicn le determined in the seme manner 


as for the average turning angle and actually ecuele the same value. 


Abe _ - ع0‎ - 4 
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Therefore eny increase ln the evursge turning angie sill be reflected 
iu an increase cf tne pressure rise across the pessage, 

rete reportec in Ref. 6 obtained from experimentel runs vas con- 
6100۲640 in order to essume realistic initial values fcr the boun.zry 
layer cimensions. The following values eare assumed for this applica- 
tion: 

(B. 20.0618 in. Gz 5 in. XQ = o in. 

Re = 5 2. 6۷ of — Sz 5.38 48. 

Upon substituting the expression fcr the flow outslce the bound- 
er; iàjtr un! tne tsune: ikitdai @oncitions into tuations (¢.8), 
(i.b) sac (E£.c) the foilowiog equations are obtained. These ure only 
applicesle to tue initial stage of the chosen compreszor model since 
they do not contain the terms woich would be obtained from the Con- 


stents of integration C, and Cu: 
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SK _._® AN Ig. X Ten (6.c) 
50۳6135 Cf [Ce Sin c £45 ]e dx 


Y 


mere 5 in (6.c) is equal to e aaron] ; 

Values of C equal to 0, -20, -50, -100 send -150 were used to 
give various amounts of suction velocity. The corresponding average 
suction velocities over the total stage length are given in Table I. 
Values of (¿corresponding to average turning angles of 13 10 i 15 5 
end 20 were used to show the effect of suction velocity on the bound- 
ary layer parameters. The solutions of equations (6.b) and (6.c) 
were obtained numerically using Simpson's rule for which the total 
length was divided into ten equal intervals of one-half inch. Since 
at the stage inlet the flow is purely axial with no first order varia- 
tions of velocity, the constants of integration E and C yin o ib 
(5.6) and (5.c) connected to the initial concitions are both ecual to 


zero end do not appear in (6.b) end (6.c). 





V — DISCUSSION OF RESULTS 


The effect of variation in suction velocity and turning angle on 
the boundary layer parameters is shown in Figures 7, 8 and 9. The 
values of these parameters are shown over the axial length of the com 
pressor stage. The smallest value of X corresponds to the inlet to 
the rotor at which point suction of the boundary layer commenc.s. The 
greatest value of X is the outlet of the stator. The dimensions of X 
are in inches and both the rotor and stator are 2,5 inches long. 

For the distribution of suction assumed in this analysis, only 
small average suction velocities would be required to drasticzlly re- 
duce the momentum thicxness of the unperturbed flow in the boundary 
flow, as shown in Fig. 7. This momentum thickness and its growth 
over the length of a compressor stage for a solid boundary are shown 
as a reference for comparison with the momentun thickness experienced 
with boundary layer suction applied, For the solid wall, the momentum 
thickness increases continuously throughout the stage, As suction 
velocity is NL and is increased, the loss decresses and tends to 
become a constant value over a certain portion of the stage, This can 
be seen in Fig. 7 for @ = - 150, where the momentum loss is practically 
a constant value over DOZ of the stage, 

The deviation of the direction of the flow at the vall from the 
direction of the main body of flow outside the boundary layer is indi- 
cated in Fig. 8. Again, the results obtained for a solid boundary are 


plotted for reference. This reference curve shows a greater deviation 


at the outlet of the rotor than at any other point in the stage. For 
small values of suction velocity an increase in this deviation takes 
place; tor S| = 0.624% the deviation is almost double the maxi. 
mua deviation experienced on the solid wail, This maximum deviation 
still occurs at the outlet of the rotor. As the suction velocity is 
increased above this value, the deviation begins to decrease until at 
Le „ 0.703% it is again at approximately the value experienced on 
ai Kana wall. A shift of the point of maximum ceviation has taken 
place, however, and it is now almost at the midpoint of the rotor. 
Thus the change in direction of flow at the wall is following the 
change in direction of flow outside the boundary layer more closely, 
Further increase in the suction velocity reduces the deviation and 

an improved flow condition results. For the highest value of suction 
velocity computed, the deviation has been considerably reduced and ia 
periodic in nature over the stage length. In the second stage, the 
initial values of the characteristic factors would thus be lower than 
for a solid wall and the beneficial results would carry over to the 
second stage. The deviation differs across the blade passage with the 
variation in E , and for E = à, the deviation will have its greatest 
value, The increased deviation of the boundary layer flow for low 
suction velocities is believed to be the result of an increased grace 
ient in the crosswise direction due to the decreased thickness of the 
boundary layer. The suction appears to have some minimum value that 
must be reached before the effects of this gradient increase can be 


overcome. 


¿Que 


Tho effect of turning angle and suction velocity on the tendency 
toward separation of the asclal vclocity cammonent can be determined 
frou Pig. 9, for any amount of spacing between blades. The value of 
for this analysis is known and the value at which axial velocity 
Separation will occur at some particular point is shown on the curves, 
since S 2 3.36, the value of S IX which would lead to separation 
somevhere In tho passare nust be greater than 3.36. The point at 
which axial separation vill occur first is where = 2 3/i. Correlating 
Fig. © am Pig. 9 shows that the tendency; for separation of the axial 
velocity is greatest for the greatest crossrliow. it ean bo seen from 
Fig. 9 that tho stator is the aurea in “hich separation has the great- 
est texdenc; to occur, This Ligure refers specifically only to tie 
arial velocity componcit. For true separation of the flow to take 
place, the total velocity at the wall rust be gero. his means that 
the variation about the mean velocity in both the axial and tencential 

2 
Clirections must be equal to and in the reverse direction of these mean 
velocities. Huff, to determine the point of true separation, Pic. O 
and Pig. 9. must bo compared to find that common point in tho passage 
ae am is 
where ید‎ fan S Kz -3.36. It must be rem mmbered, however, that 
the apro:inate method of computation use? in this anulysis does not 
permit accurate evaluation at separation and beyond, but the ro sults 
ace shotm to indicate the trends. 

the results indicate that for this first stage true separation 


will not take place un to turning encles of 20%, For the solid wall 


with no suction aeplicd, separation of the axial component just be= 





اس 


gins to tuke place at 20° turning engle, apLroxinately half way 
through the stator. At this same velue of turning angle, the very 
low values of suction velocity show axial flow sepsuration over the 
entire stator. The higher suction velocities do not show any tenden- 
cy for axial flow separation to take place. <A greater amount of 
——- could be accomplished before these higher suction velocities 
would allow axial flow separation to take plece. Thus, there is an 
indication that croseflow can be reduced using ER, of 
suction velocity. A volue IR من‎ greater than 0.7% should. pro- 
duce beneficial results. Any value less than this, however, would 
be detrimental. 

The results seem to indicate that the effect of boundary layer 
control would be more pronounced if suction were started prior to the 
rotor inlet. The momentum loss could thus be recuced to a very low 
and practically ccnsteant value througout the stage. Crossflow could 
thus be kept to a minimum and therefore the flow should be even fur- 
ther improved... In a multistage compressor, this would indicate that 
suction should be applied prior to the first stage which undergoes 


separation effects. 


Concluding Remarks: It has been shown that boundary layer control 
can produce improved flow conditions in an axial flow compressor 
stage by reducing the crossflow in the boundary layer and thereby re- 
ducing the tendency toward separation et the casing. Therefore, it 


should be possible to increase the pressure rise per stage of an 


Z< 


"ao, 


axial flow compressor dy utllizing a greater turning angle and apply- 
ing boundery layer control on the ceasing. 1% remeins to enelyzo 
whether the advantages guined from a reduced number of steges with 
suction required to achiove a given pressure ratio outveigh tho loss 
of partially compressed alr arising fron suction anó the necessary 


weight of suction equipment. 
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